exist for suppressing ghosting artifacts due to respiratory motion on MR images. Although such methods can remove coherent ghosting artifacts, motion during gradient pulses also leads to poor image quality. This is due to phase variations at the echo caused by changes in velocity from one phase-encoding view to the next. The effect becomes severe for long samplIng times and long TE values and can lead to low estimates of T2. We discuss general, robust modifications of the standard gradient or spin-echo sequences by using rephasing gradients that force the phase of constant-velocity moving spins to be zero at the echo. These sequences lead to a significant reduction in motion artifacts and hence improvement in image quality. They can be applied to muftislice, multiecho, water/fat, and gating schemes as well. Since motion problems are universal, ft would appear that these modified sequences should come into common usage for MR imaging.
During the past few years, a myriad of techniques have been offered as solutions to the respiratory artifact problem in body imaging. These range from respiratory gating [1 ], fat suppression using inversion recovery [2] or other techniques [3] , pseudogating [4, 5] , ordered phase encoding [6, 7] , motion modeling [8, 9] , and fast imaging [1 0, 1 1]. All of these approaches eliminate or reduce artifacts caused by motion between phase-encoding views in the standard two-dimensional Fourier transform (2DFT) spin-echo sequence. Significant motion in the body, from several millimeters to several centimeters [1 2], is a universal problem in MR imaging. Motion artifacts may be present in the form of severe ghosting or as a subtle loss of signal due to spin dephasing across a pixel. Evidently, a major source of ghosting and loss of signal in everyday imaging is due to imperfect refocusing of the moving spins at the echo. We propose the use of extra pulses to rephase constant-velocity moving spins. The success of the new rephasing sequence is not dependent on the value that the velocity assumes.
Furthermore, these gradients
can be applied to all three spatial directions to ensure optimal refocusing regardless of the direction of the motion. The blurring that occurs due to the motion itself still needs to be corrected by one of the techniques mentioned earlier, but generally blurring is not the major problem.
Theory
The standard 2DFT spin-echo method refocuses stationary spins so that their phase is zero at the echo. For constant-velocity moving spins, the phase is not zero at the echo, [1 3, 14] and this is best illustrated by evaluating the phase behavior for the sequence in Figure 1A . The sampling time t is defined to be zero at the echo. Only constant-velocity spins are considered, so that the time depenDownloaded from www.ajronline.org by Wake Forest Univ Health Sciences on 08/25/14 from IP address 152.11. dence of a spin starting at a position x is
later. The phase at any time t + 2r (i.e., during sampling) for a spin starting at position x at the center of the 7/2 pulse is 1't2
where v = velocity, G = gradient, 'y gyromagnetic ratio. The first term, 'yGxt, is the expected phase behavior for stationary spins, while the last three terms are due to the constant-velocity motion. The second is the constant-phaseshift term at the echo (where t = 0)
The third term, 2'yGvrt, is an extra linear phase shift and leads to the spins appearing in the image at the point x', where
The fourth term, Using two extra gradients allows even constant accelerating spins to be refocused [23] . It is the purpose of this paper to show the tremendous clinical utility of these new refocused sequences.
To this end, we will consider first the phase behavior for the latter case of two extra gradients or a bipolar-gradient refocusing scheme, even though a single extra gradient would suffice. The idea of phase encoding flowing spins by using extra gradients is not new [24, 25] . Rather than using the phase information to velocity-encode the blood flow, introducing these bipolar gradients as in Figure 1 B, which act as an even echo-rephasing mechanism, can set the phase at the echo to zero for any spin moving with constant velocity. In this case, the phase as a function of time is
The time-independent, but velocity-dependent phase term (in square brackets) can be made to vanish independently of the velocity. The flexibility alluded to above is evident in the phase term. Of the five variables G1 , G2, t1 , t2, and (3, only three are independent since there are two constraints on the system. They are (1) the zero moment with respect to time must be 'yGxt and (2) the first moment must be zero at the echo. We shall discuss later how these choices are made.
Carefully calibrating the gradients and timing to obtain zero phase at the echo is crucial in a practical implementation of this sequence.
Even 
Materials and Methods
Standard spin-echo sequences (as in Fig. 1A ) from a Siemens 1.0-T and 1 .5-T Magnetom were used as the starting point. These sequences were modified as shown in Figure 1 B and calibrated so that the phase of moving spins was identical to that of stationary spins. This was accomplished by using plexiglass tubes, one of which had stationary spins, one of which had laminar flow with a mean velocity of +1 0 cm/sec, and one of which had a velocity of -1 0 cm/ sec. In the phase reconstruction of the images, the tubes could not be distinguished after calibration. Whereas, if the calibration was imperfect, phase profiles varied across the diameter of the tubes and were indicative of the relative direction of flow and could be quantitatively related to velocity. The two main sequences used were a TE = 38 msec and a TE = 60 msec sequence. for the second case. To allow for the optimal system, small-field-ofview capabilities (i.e., keeping G1 =G2) and shorter echoes, only three gradients (Fig. 1C) , were used in the TE = 38 msec sequence (so that only constant-velocity terms are eliminated). Even so, by adjusting the position and amplitudes of the gradients, the effects of acceleration were also minimized. A TE of 38 msec also allows for rephasing in the slice-select direction.
Results
In order to illustrate the difference in image quality between standard (dephased) and rephased spin-echo sequences, images are presented for both scans. Figure 2 shows a sagittal spine image with a long TE value of 60 msec. Motion degradation significantly reduces signal-to-noise ratio and contrast between the spine and spinal cord ( Fig. 2A) . The rephased image (Fig. 2B) Figure 3 . The first scan has very poor resolution and signalto-noise ratio. The rephased image shows the lack of ghosting or jitter throughout the liver and hence the apparent improvement in resolution.
Neither scan was respiratory gated. Even so, the rephased image shows much sharper boundaries and much less blurring than its normal counterpart. A second example is shown in Figure 4 The reduction in artifacts comes from the elimination of the random-phase term proportional to V and is exceptional considering that there is no respiratory gating. Also, signal in the blood in the pulmonary arteries has increased. These remarks are valid for fast gradient-echo sequences too.
Fast, low-angle shot (FLASH) imaging can also be expected to show the blood [1 1 ] because of the short TE values used; but when the image is ungated, as in volume imaging, the heart or other body parts will not have sharp boundary definition [5] . However, even short TE values of 1 0 msec may be insufficient to eliminate ghosting (Fig. 5A) . The pulsatile nature of blood flow through the plane is enough, even for plug flow, to cause a periodic phase change in the signal. By using TE = 20 msec, the effect is even worse. Nevertheless, the ghosting has been nearly eliminated for the TE = 20 msec sequence when the spins are refocused in the slice-select direction (Fig. 5C ). The other vessels in the center of the muscle are now more clearly outlined as the phase blurring has been reduced.
A similar comparison study can be done in the heart to see the different components of flow. Figures  6A, 6B , and 6C
show cardiac-gated images with no rephasing, with rephasing in the read direction, and with rephasing also along the sliceselect direction respectively. Figure   6A is badly dephased with little signal from the myocardium. Figure 6B shows the muscle wall clearly with the remaining black regions due to flow perpendicular to the plane. Figure 60 clearly displays the fresh blood flowing into the plane (paradoxically enhanced). General vessel enhancement also appears in the diaphragm region. The potential of studying blood flow and heart-wall motion is now evident. Without rephasing, nonuniform motion may cause a loss of signal on the edges of valves or other Downloaded from www.ajronline.org by Wake Forest Univ Health Sciences on 08/25/14 from IP address 152.11.5.115. Copyright ARRS. For personal use only; all rights reserved (Fig. 4B) shows the application of these principles to vascular imaging. The bright circle of blood in the center of the lungs is due to the rephasing in the sliceselect direction and paradoxical enhancement, and it may occur at the confluence of several vessels. Blood flow in the liver and pancreas (Fig. 7) is also now easily discerned. Potential applications to renal arteries and other problems are numerous.
In-plane flow in vessels such as the femoral artery can be seen by subtracting dephased from rephased images. The MR angiograms compare well with the accompanying digital subtraction angiogram (Fig. 8) . A crucial point is that the use of equal-amplitude gradients (G1 = G2) in the read direction also allows small fields of view [19] .
Body imaging without gating usually is of poor quality; this has been blamed on periodic motion artifacts generated by motion between phase-encoding views [8, 9] . The fact that velocity may vary from zero to v between views leads to a phase variation from zero to the maximum value given in equation 4. For the TE = 60 msec sequence defined earlier, this gives a maximum phase deviation of 1 .07v radians with V fl cm/sec. These large phase variations are the major source of ghosting as is evidenced by the significant reduction of artifacts upon rephasing.
Since the velocity in the CSF is as high as 5 cm/sec, a phase variation of 5.35 radians for TE = 60 msec occurs and hence significant ghosting is expected (see Fig. 2A Figure 6B , although good, was incomplete, as shown in Figure 6C where rephasing was also applied in the slice-select direction. or some motion-correction scheme should help to make body imaging more widely used in MR imaging.
